ABSTRACT: Aqueous coordination polymerization of ethylene by different neutral nickel(II) complexes [(X∧O)NiR(L)] (X ) P: type 1; X ) N: type 2) was investigated. With catalyst precursors of type 1, productivities and molecular weights were reduced by comparison to conventional polymerization in organic solvents. This effect results to a large extent from a lowering of the chain growth rate due to a low concentration of ethylene at the catalytically active centers in the aqueous polymerization. The catalysts are stable in water for hours. Stable latices of low-molecular-weight linear polyethylene were obtained with a hydrophilic complex of type 1 in an emulsion-type polymerization (Mw ca. 3 × 10 3 g mol -1 , Mw/Mn 2-3; solids content of polymer dispersions up to 10%). With complexes of type 2, productivities in aqueous ethylene polymerization were also reduced by comparison to polymerization in organic solvents. However, moderately branched semicrystalline polymers of high molecular weight are accessible (Mn > 10 4 g mol
Introduction
Emulsion and suspension polymerization of olefinic monomers are carried out on a vast scale. 1 The use of water as a dispersing medium offers a unique combination of features, such as effective transfer of the heat of reaction, high polarity and immiscibility with many monomers and polymers, and formation of micelles as well as effective stabilization of hydrophobic polymer particles by surfactants. The environmental friendliness and nonflammability of water are advantageous, also with regard to the numerous applications of latices involving film formation upon evaporation of the dispersing medium. To date, aqueous polymerization reactions are carried out by free radical processes exclusively.Transitionmetalcatalyzedcoordinationpolymerization reactions in water 2 have received less attention, as the early transition metal catalysts 3 used commercially for polyolefin production are extremely sensitive to moisture. Carrying out such reactions in aqueous emulsion or suspension is a highly attractive goal, however, as many polymer microstructures are not available by other means than coordination polymerization.
Late transition metal complexes are generally more tolerant toward polar media due to their less oxophilic nature. Concerning late transition metal catalyzed C-C linkage of ethylene in general (i.e., in nonaqueous organic reaction media), dimers or oligomers are obtained usually due to the propensity of late transition metal alkyl complexes for -hydride elimination. 4 Only a limited number of catalysts for the polymerization to high molecular weight products are known. 5 Most of them are based either on neutral nickel(II) complexes (exemplified by structures 1 and 2; see Chart 1) 6, 7 of formally monoanionic bidentate ligands or on cationic nickel, palladium, iron, or cobalt complexes (3, 4) 8 of neutral multidentate ligands with bulky substituted nitrogen donor atoms. 9 The recent discovery of late transition metal catalysts based on structures 2, 3, and 4 has spurred an intense search for late transition metal olefin polymerization catalysts based on other ligand structures, also employing high-throughput screening techniques. 10 For our investigation of ethylene polymerization in water we have utilized complexes derived from the aforementioned known structures 1-3, varying the ligands to adjust their water solubility. 15 Regarding the stability of neutral nickel(II) complexes toward polar media in general, catalysts for ethylene oligomerization (basis to structural type 1) are highly stable in alcohol solvents, as illustrated by their large scale application using 1,4-butandiole as a polar catalyst phase to enable simple separation from the olefin products. 11 Catalyst separation has been sought to be improved by using methanol or water-containing methanol (20:80 v/v) as a catalyst phase, in which the catalysts are also stable. 11b,12 (On the other hand, the catalyst [{κ 2 P,O-Ph 2 P-C(H)dC(Ph)-O}NiPh(PPh 3 )], removal of PPh 3 by phosphine scavengers for ethylene polymerization, was reported to be completely inactive in the presence of water. 6g ) Polymerization catalysts of type 2 were reported independently by Grubbs et al. and Johnson et al. 7 Such catalysts have been noted to display a certain stability toward small amounts of added water. 7c Utilization of the aforementioned unique benefits of water as a medium for polymerization reactions usually requires a largely aqueous medium, i.e., the presence of only relatively small amounts of organic solvents or their complete absence. Regarding ethylene polymerization in aqueous media literature data were less encouraging. A very slow (ca. 1 turnover/ day) coordination polymerization of ethylene in water catalyzed by a rhodium complex has previously been investigated. 13, 14 Only recently, successful homopolymerization of ethylene by neutral nickel(II) or by cationic palladium(II) complexes in water as a reaction medium has been reported. 15, 16 With the Ni(II) catalysts, linear polyethylenes can be obtained at high rates, and stable latices of (low-molecular-weight) linear polyethylene have been prepared. 15a We now give a first full account on aqueous coordination polymerization of ethylene by neutral nickel(II) complexes.
Results and Discussion
Ethylene Solubility. The much lower solubility of ethylene in water is one factor differentiating aqueous ethylene polymerization from conventional polymerization in organic reaction media. A knowledge of ethylene concentrations is obviously of interest. Ethylene solubilities were determinated experimentally by a simple gravimetric method 8d and compared to values calculated according to Prausnitz's and Plöcker's 17 data. Experimental determination was particularly helpful for estimation of the gas solubility in acetone/water mixtures. The simple experimental method employed, weighing a small pressure reactor, results in noticeable inaccuracies at very high and very low ethylene solubilities. 18 Nonetheless, for the purposes employed, these data are sufficiently accurate. Adding 20 vol % water to acetone already results in a strong decrease in ethylene solubility to ca. 5 mol/L (40 bar ethylene), i.e., half the original value. In a 50:50 (v/v) mixture solubility is an order of magnitude lower by comparison to neat acetone. For neat water, an ethylene solubility of ca. 2.5 g/L (0.1 mol/ L) at 40 bar ethylene (room temperature) was estimated experimentally. This value corresponds reasonably well to a calculated 4.0 g/L. By comparison to neat toluene or acetone, solubility of ethylene in water is 2 orders of magnitude lower. Addition of Triton X-100 (16 mmol/L, 50-fold critical micelle concentration) or SDS surfactant did not result in a dramatic increase of the amount of ethylene present in the liquid phase.
Catalyst Precursor Synthesis. Neutral nickel(II) complexes 1b and 2 (Chart 2) were prepared in good yields according to known routes for similar compounds. Details are outlined in the Experimental Section.
Ethylene Homopolymerization. In polymerization reactions with phosphine complexes 1 and 2a, [Rh(H 2 Cd CH 2 ) 2 (acac)] was employed as a phosphine scavenger. 6g In aqueous polymerizations, usually a small amount of water immiscible (toluene) or miscible (acetone) organic solvent was utilized to enable effective addition of waterinsoluble Ni(II) catalyst precursors or the phosphine scavenger, respectively. For comparison, polymerization experiments were also carried out in 50:50 water/ acetone mixtures and in neat organic solvents.
Polymerization by Complexes 1. Polymerization results with complexes 1 are given in Table 1 . By comparison to traditional polymerization in organic solvents (entries [10] [11] [12] , in water as a reaction medium under otherwise identical reaction conditions (ethylene pressure, temperature) polymer yields and molecular weights are significantly lower. In the aqueous polymerization, the catalysts are still active after several hours of polymerization in water (entries 1 vs 2 and 6 vs 7). Thus, the lower productivities in water by comparison to polymerization in toluene or acetone are not due to a conceivable rapid irreversible deactivation of the catalyst in the initial stages of the polymerization. It seemed straightforward to ascribe the observed effect to a (reversible) blocking of coordination sites by binding of water as a ligand. However, it must also be considered that the catalysts employed are generally very sensitive toward ethylene concentration: for ethylene polymerization by neutral nickel(II) P,O chelate complexes in toluene, a strong positive dependence of chain growth rate on ethylene concentration has been observed at moderate pressures. 6g For the particular catalyst precursors employed in this study, this behavior is illustrated by entries 8-10 in neat acetone as a solvent. In terms of Scheme 1, this kinetic behavior translates to an effective dependence of monomer binding on ethylene concentration at the metal site (i.e., regarding monomer binding as an equilibrium (b), K 1 c(ethylene) < 1). Regarding polymer molecular weights, analysis of the experimental data is complicated by the broad molecular weight distributions obtained in comparative experiments in neat organic solvents. Nonetheless, it can be noted that a comparison of the productivities and observed molecular weights in organic solvents and water, respectively, gives no indication of strongly increased rates of chain transfer; rather, the lowering of molecular weights in the aqueous polymerization can be ascribed to the reduced rate of chain growth. 19 In the multiphase mixture represented by such polymerization reactions (liquid phase containing dissolved ethylene; water-immiscible semicrystalline polymer swollen with monomer and optionally organic solvent; catalyst initially dissolved or suspended in the aqueous phase or in toluene droplets and confined in the polymer to a variable extent during the polymerization reaction), concentration of the monomer in the liquid phase is obviously not necessarily identical with concentration at the catalytically active center. For active sites exposed to the liquid phase, ethylene concentration in the latter will be relevant. For active sites confined in the polymer phase, ideal thermodynamic equilibrium concentration of the monomer in the polymer for a given set of reaction conditions (ethylene pressure, temperature) but also mass transfer of ethylene across the liquid-polymer interphase and within the polymer can be significant. The significance of mass transfer limitations can generally be expected to increase with increasing polymer crystallinity and decreasing concentration of monomer in the liquid phase. 20 In view of the high polymer crystallinity and the high sensitivity of the neutral Ni(II) catalyst toward ethylene concentration, in the real-life system investigated the strong lowering of ethylene concentration in the aqueous phase by comparison to traditional polymerization in organic solvents must be expected to affect monomer concentration also at metal centers confined in the polymer phase to a significant extent. In agreement herewith, no dramatic effect of the variation of the hydrophilicity of the catalyst on the outcome of polymerization was observed (vide infra). Because of the markedly different exposure of the different catalyst precursors to the aqueous phase in these experiments, a strongly varying sensitivity toward blocking of coordination sites by water should be observed if this were the prime reason for the observed lowering of propagation rate in aqueous polymerizations. Estimation of ethylene solubility (vide supra) showed that ethylene concentration in neat acetone at 6 bar is similar to concentration in a 50:50 (v/v) water/acetone mixture at 50 bar. Similar productivities and molecular weights were observed in these aqueous and nonaqueous polymerizations (runs 1 and 2 vs 9). From the data obtained we conclude that the observed lowering of productivity and also polymer molecular weight in aqueous polymerization is due to a large extent to a low concentration of ethylene at the catalytically active metal centers. Thus, in general for polymerization in water a high catalytic activity at low ethylene concentrations is desirable; i.e., in addition to a high rate of insertion in the alkyl-olefin complex (Scheme 1, (a)), a high propensity for binding of ethylene (b) is also particularly advantageous.
Complex 1b with a large tetraalkylammonium counterion represents a lipophilic analogue of 1a: whereas 1a is extracted to the aqueous phase upon adding water to a toluene solution of the complex 1b remains in the organic phase. Overall, no dramatic differences in polymer molecular weight and productivity are observed with 1b vs 1a in the water/acetone and also in the water/toluene systems. (In the latter, employing a lipophilic complex may result in an "encapsulation" in the small amount of water-immiscible organic phase to a certain extent.) These results show that the increased exposure of 1a to the aqueous phase is not disadvantageous, confirming the aforementioned observations on catalyst stability.
It should be noted that the broad molecular weight distributions obtained with catalyst precursors of type 1 in comparative experiments in toluene are in accord with literature reports; the origin of this effect has not been identified clearly. 6g,h By contrast, the lower molecular weight materials obtained with 1 in water display relatively narrow molecular weights distributions, typical of single site catalysts. The linear poly- ethylenes obtained in water and in comparative experiments in organic solvents were investigated by hightemperature 1 H and 13 C NMR analysis. For some low molecular weight samples, terminal vinyl end groups and also internal olefinic moieties could be observed. Overall, the polymer microstructure does not indicate any unexpected effect of water on the modes of chain growth or chain transfer. The relatively low molecular weight of the materials obtained with complexes 1 in water results in an observable lowering of the melting point, determined by DSC. Typically, a broad melt transition with a peak T m in the range of 121-127°C is observed, by comparison to T m 133°C for higher molecular weight material obtained in toluene. However, the onset of these thermal transitions was found to occur clearly above the polymerization temperature of 70°C. It can be concluded that polyethylene dispersions (vide infra) are formed directly during the polymerization reaction (as opposed to a conceivable partial solidification during cooling after the reaction).
Polymerization by Complexes 2. Polymerization results obtained with the N,O chelate complexes 2 are given in Table 2 (it should be noted that the iodo substituents of the chelating ligand render 2 soluble in pentane). Again, in experiments carried out under otherwise identical conditions (50 bar ethylene), polymer yields are lowered in water by comparison to conventional polymerization in organic solvents. However, polymer molecular weights are markedly higher by comparison with the aqueous polymerization reactions with catalysts 1 investigated. For the first time, high molecular weight semicrystalline polyethylene is accessible in an aqueous coordination polymerization. Similar to complexes of type 1, polymerization activity of N,O chelate complexes in organic solvents has been noted to be strongly dependent upon ethylene concentration, 7d and for the particular catalyst precursor 2a employed this behavior is illustrated in detail by entries 9-11. Thus, lower activity in water by comparison to polymerization in toluene or acetone can again be related to a lower concentration of ethylene at the active site. However, irreversible catalyst deactivation in water as a reaction medium also appears to be significant for the salicylaldimine-substituted catalysts: runs with different reaction times (entries 4 and 5) indicate that within 1 h or less the catalyst is largely deactivated. By comparison, in neat acetone the catalyst was still active after 2 h (entries 7 and 8). Employing methyl complex 2b as a single-component catalyst precursor for aqueous polymerization (entry 12), similar results as with 2a are obtained.
High-temperature 1 H and 13 C NMR analysis of the polymers obtained in aqueous polymerizations reveals a branched structure consisting mainly of methyl branches (5-20 branches/1000 carbon atoms). Basically the same structure is also found for materials obtained in comparative experiments in organic solvents, in accordance with previous reports by Johnson et al. and Grubbs et al. 7 These results again indicate no dramatic effect of water on the basic modes of chain growth and branching. Crystallinity of a typical moderately branched material (10 branches/1000 carbon atoms) obtained in water amounts to ca. 50% (determined by DSC; T m ) 127°C).
Emulsion Polymerization. A particularly intruiging aspect of aqueous polymerization is the possibility to prepare polymer latices. Addition of anionic (SDS; Bayer K30, i.e., sodium alkylsulfonates) or neutral surfactants (e.g., Triton X-100) to polymerizations employing complexes 1 or 2 generally did not result in a disadvantageous effect on polymer yields. With 1a, stable latices of the low-molecular-weight linear polyethylenes formed are obtained. Productivities and polymer molecular weights resemble those of the suspension-type polymerizations given in Table 1 . During polymerization, no significant amount of coagulate was formed, and the resulting latices are stable for a month or longer. Solids contents of 10% were observed without optimization. From the extensive literature on free radical emulsion polymerization, 1 it is evident that the particle formation process (nucleation, stabilization, coagulation) is critical to the preparation of stable polymer dispersions. As previously noted, 1a is hydrophilic and water-soluble. It can be reasoned that the resulting very effective distribution (by comparison to solid particles of a hydrophobic catalyst precursor or solutions of the same in larger non-water-miscible solvent droplets) is advantageous for primary particle formation, leading to stable latices. Particle sizes of these latices are found to be in the range of 80 to several hundred nanometers typically, as observed by dynamic light scattering. This finding is in accordance with results of TEM investigations. As already alluded to, the thermal behavior of the polymers demonstrates that polymer latices are formed directly during the polymerization reaction. The preparation of high-molecular-weight lattices will be reported separately. Ethylene-Norbornene Copolymerization. Copolymerization of ethylene with other olefinic comonomers is applied widely to tailor polymer properties, such as the crystallinity. In commercial polyethylenes produced with Ziegler catalysts most often R-olefin comonomers are employed. Regarding the neutral nickel(II)-based polymerization catalysts, however, the high chemoselectivity for ethylene often results in a relatively low incorporation of R-olefins. Norbornene as a strained cycloolefin can be suited as a comonomer. 22, 23 Results of aqueous copolymerizations are given in Table 3 . As norbornene is solid at room temperature, the comonomer was added as a liquid mixture with small amounts of toluene. Ethylene/norbornene copolymerization can be carried out effectively in water as a reaction medium, yielding copolymers with high molar norbornene incorporation (up to 25 mol % in the examples shown). The copolymerization of ethylene and norbornene can be carried out with complexes 1 or 2 as catalyst precursors; however, direct comparison reveals significantly higher activities and polymer molecular weights with the latter complex type. The copolymers given in Table 3 were analyzed by high-temperature 13 C NMR. Norbornene units are incorporated largely as isolated units EENEE. For the samples with higher norbornene content alternating sequences ENENE are also observed. By contrast to the semicrystalline ethylene homopolymers, materials with a sufficient comonomer content are amorphous, as confirmed by wide-angle X-ray scattering (WAXS) of the polymers from runs 1, 4, and 5. Glass transition temperatures of the polymers prepared are between -4 and 25°C dependent on the content of norbornene. The copolymers form transparent films.
Summary and Conclusions
In the aqueous coordination polymerization of ethylene by neutral nickel(II) complexes of type 1, polymer molecular weight and catalyst productivity are reduced by comparison to polymerization in organic solvents. However, polymerization occurs at reasonably high rates, and in the present study we have not focused on optimization of catalyst performance for aqueous polymerization. Polymerization data imply that the aforementioned effects on activity and polymer molecular weight are due to a large extent to a lowering of the rate of chain growth by a low concentration of ethylene at the catalytically active metal centers in the aqueous polymerization. The catalysts are still active after several hours of polymerization in water. With salicylaldimine-based catalysts of type 2, a similar effect on productivity is observed; however, catalyst deactivation in the aqueous polymerization is also apparent in this case. With 2, high molecular weight semicrystalline polyethylene is accessible in aqueous polymerizations. Analyses of the microstructures of the polymers obtained with 1 and 2 do not reveal an effect of water on the basic modes of chain growth and chain transfer (and for 2 also chain branching). Stable latices of low molecular weight linear polyethylene can be formed directly in the polymerization reaction with 1a. Copolymerization with norbornene as a suited comonomer allows for control of polymer crystallinity in aqueous ethylene polymerization. Amorphous high molecular weight ethylene/norbornene copolymers can be obtained in water as a reaction medium.
Experimental Section
Materials and General Considerations. Nickel(II) complexes were manipulated by standard Schlenk techniques under argon. Ethylene (99.8%) supplied by Gerling and Holz was used without further purification. Organic solvents were distilled from drying agents (acetone: P2O5; dichloromethane: CaH2; pentane: KOH; toluene and THF: Na) under argon. Deionized water was degassed prior to use. 1 H and 13 C NMR spectra were recorded on a Bruker ARX 300 instrument at 300 and 75 MHz, respectively. 31 P NMR spectra were obtained on a Bruker DRX 500 at 202 MHz.
1 H and 13 C NMR spectra of ethylene homo-and copolymers were obtained in 1,1,2,2-tetrachloroethane-d2 at 122°C. Resonances were assigned according to refs 24 and 25. Differential scanning calorimetry (DSC) was performed on a Perkin-Elmer DSC 7 or on a Pyris 1 DSC at a heating rate of 10 K/min. DSC data reported are second heats. High-temperature gel permeation chromatography was performed in 1,2,4-trichlorobenzene at 140°C using a PL-220 instrument equipped with Mixed Bed PL-columns. Data reported were referenced to polyethylene standards (universal calibration). Dynamic light scattering on dispersions was performed on a Malvern particle sizer. WAXS was performed on a Siemens D 500 apparatus with a 2Θ distance of 0.1 and a measurement time of 6 s per point. Ethylene solubilities were estimated using the method described in ref 8d, employing a 100 mL steel reactor. Essentially, ethylene uptake at 0-40 bar and room temperature into a given amount of solvent was determined by weighing the reactor. The amount of ethylene in the gas phase was corrected for by repeating the experiment, replacing the solvent by the same volume of glass beads.
Catalyst Precursor Synthesis. The phosphorus ylide Ph3PdCHC(dO)-4-MeC6H4 was prepared by the one-step method of Atherton 26 by reaction of Ph3PMe . 27 The ylide ligands were obtained by neutralization of the resulting zwitterion with aqueous solutions of sodium hydroxide and hexadecyltrimethylammonium hydroxide to a phenolphthalein end point. For key NMR data of the ligands obtained cf. ref 15a . Complexes 1 were obtained by stirring a solution of bis(cycloocta-1,5-diene)nickel 28 with 1 equiv of the respective ylide ligand and 1 equiv of triphenylphosphane in THF for 15 h at room temperature (1a) 27b and at room temperature for 14 h, respectively, after heating for 1 h to 50°C (1b). The solvent was removed under reduced pressure, and the residue was dissolved in toluene. After filtration and concentration pentane was added to precipitate the product (80-90% yield). For NMR data of 1a and 1b cf. ref 15.
The salicylaldimine ligand was obtained by formic acidcatalyzed condensation of 2,6-diisopropylaniline with 3,5-iodosalicylaldehyde, the product precipitating from methanol solution. 7a The [Rh(CH2dCH2)(acac)] was prepared by the method of Cramer.
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Polymerization Procedure. Polymerization was carried out in a mechanically stirred 250 mL pressure reactor. Depending on the reaction pressure, a steel (>8 atm) or glass vessel was utilized. The total volume of the added liquid phase (water and/or organic solvent) amounted to 100 mL. The catalyst precursor and the activator were dissolved separately in a small amount of organic solvent. Both solutions were transferred to the reactor, containing the required amount of water and organic solvent, respectively. For copolymerization experiments, a liquid mixture of norbornene with a small amount of toluene was added after addition of the catalyst solutions. The reactor was flushed with ethylene, and a constant ethylene pressure was applied as the vessel was rapidly heated to the specified temperature under vigorous stirring (1000 rpm). After the specified reaction time, the reaction was stopped by cooling and releasing the ethylene pressure. Precipitated polymers were isolated, washed with methanol, and dried in a vacuum. In experiments yielding a polymer latex, the latter was filtered through a funnel with glass wool prior to further workup and analysis. For determination of the solids content the latex was added to an excess of methanol. The precipitated polymers were isolated, washed with methanol, and dried in a vacuum. Copolymer solutions obtained in comparative experiments in neat toluene as a reaction medium were precipitated with excess methanol. Copolymers were washed with methanol and dried in a vacuum.
